









































































































































































































































































































𝐸𝑑𝑖𝑡 𝑖, 𝑗 =
0, 𝑖 = 0	and	𝑗 = 00, 1	 ≤ 𝑖 ≤ 𝐿PQ	and	𝑗 = 0−	j, 𝑖 = 0	and	1 ≤ 𝑗 ≤ 𝐿ATmax 𝐸𝑑𝑖𝑡 𝑖 − 1, 𝑗 − 1 + 𝑆𝐶 𝐺A 𝑖 , 𝑅Z 𝑗𝐸𝑑𝑖𝑡 𝑖 − 1, 𝑗 − 1𝐸𝑑𝑖𝑡 𝑖, 𝑗 − 1 − 1 , 1	 ≤ 𝑖 ≤ 𝐿PQ	and	1 ≤ 𝑗 ≤ 𝐿AT
							
















𝑖𝑓	𝑎 = 𝑖 − 1, 𝑏 = 𝑗 − 1, 1, 𝑖𝑓	 𝐺A 𝑖 ≠ 𝑅Z 𝑗 	𝑎𝑛𝑑	(𝐺A 𝑎𝑙𝑖𝑔𝑛PQ,A 𝑖 = 𝑅 𝑖 																																																			𝑜𝑟	𝑎𝑙𝑖𝑔𝑛PQ,A 𝑖 = 	−)0,			𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒																																																																														
																𝑖𝑓	𝑎 = 𝑖 − 1, 𝑏 = 𝑗, 1, 𝑎𝑙𝑖𝑔𝑛A,PQ 𝑖 ≠ −																																																																																							 40, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒																																																																																																									






𝑎𝑙𝑖𝑔𝑛PQ,A 𝑖 = 	 	𝑗	; 𝑖𝑚𝑝𝑙𝑖𝑒𝑠	𝑏𝑎𝑠𝑒	𝑖𝑛	𝑅 𝑖 	𝑎𝑙𝑖𝑔𝑛𝑠	𝑡𝑜	𝑟𝑒𝑓𝑒𝑟𝑛𝑐𝑒	𝐺A 𝑗 																						−	; 𝑖𝑚𝑝𝑙𝑖𝑒𝑠	𝑏𝑎𝑠𝑒	𝑅 𝑖 	𝑎𝑙𝑖𝑔𝑛𝑠	𝑡𝑜	𝑎	𝑔𝑎𝑝	𝑖𝑛	𝐺A	(𝑖𝑛𝑠𝑒𝑟𝑡𝑖𝑜𝑛	𝑖𝑛	𝑅)																																					(5)	
Similarly,	








𝑀𝑎𝑥𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑𝐸𝑟𝑟𝑜𝑟𝑠 𝑖, 𝑗= 	 max(.,m)∈o?>`>p>qqr?&>bt6(a,v) 𝑀𝑎𝑥𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑𝐸𝑟𝑟𝑜𝑟𝑠 𝑎, 𝑏 + 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑a,v 𝑎, 𝑏 	
where,	
































































































































I1-20X	 100	 20	 0.4	
I1-30X	 100	 30	 0.4	





NC_005707.1	 5.4	 35.5	 6.3	
100	 10	 0.4	
I2-20X	 100	 20	 0.4	
I2-30X	 100	 30	 0.4	
I2-40X	 100	 40	 0.4	
I3-10X	
O.	sativa	Chr.	5	 NC_008398.2	 29.9	 44.0	 13.5	
100	 10	 0.4	
I3-20X	 100	 20	 0.4	
I3-30X	 100	 30	 0.4	
I3-40X	 100	 40	 0.4	
I4-10X	
Mouse	Chr.	Y	 NC_000087.7	 88.1	 38.9	 8.0	
100	 10	 0.4	
I4-20X	 100	 20	 0.4	
I4-30X	 100	 30	 0.4	
I4-40X	 100	 40	 0.4	
I5-10X	
Human	Chr.	1	 NC_00001.11	 230.5	 41.7	 10.6	
100	 10	 0.4	
I5-20X	 100	 20	 0.4	
I5-30X	 100	 30	 0.4	
I5-40X	 100	 40	 0.4	
I6	 B.	cereus	ATCC	10987	
NC_003909.8	






















































E.	coli	 NC_000913.3	 4.6	 500-	14,494	 21	 23.4	
SRR922409	 97	 10	 0.7	
P1-20X	 SRR922409	 97	 20	 0.6	
P1-30X	 SRR922409	 97	 30	 0.6	





NC_000019.10	 10.0	 500-	15,000	 20	 20.3	
N/A	 100	 10	 0.4	
P2-20X	 N/A	 100	 20	 0.4	
P2-30X	 N/A	 100	 30	 0.4	
P2-40X	 N/A	 100	 40	 0.4	







































E.	coli	 NC_000913.3	 4.6	 500-47,422	 30.4	
SRR922409	 97	 10	 0.7	
O1-20X	 SRR922409	 97	 20	 0.6	
O1-30X	 SRR922409	 97	 30	 0.6	





SRP055987	 7.5	 500-191,145	 36.2	
SRR567755	 250	 10	 0.02	
O2-20X	 SRR567755	 250	 20	 0.02	
O2-30X	 SRR567755	 250	 30	 0.02	

















































Software	 I1-40X	 I2-40X	 I3-40X	 I4-40X	 I5-40X	 I6	Sens.	 Gain	 Sens.	 Gain	 Sens.	 Gain	 Sens.	 Gain	 Sens.	 Gain	 Sens.	 Gain	
ALLPATHS-LG	 0.998	 0.983	 0.998	 0.984	 0.990	 0.966	 0.851	 0.690	 0.969	 0.904	 0.960	 0.958	
BFC	 0.964	 0.964	 0.960	 0.959	 0.948	 0.940	 0.777	 0.711	 0.934	 0.920	 0.981	 0.979	
BLESS	 0.998	 0.997	 0.998	 0.998	 0.990	 0.983	 0.905	 0.855	 0.975	 0.964	 0.979	 0.977	
Blue	 0.998	 0.961	 0.998	 0.970	 0.981	 0.883	 0.850	 0.520	 0.896	 0.819	 0.982	 0.903	
Coral	 0.979	 0.913	 0.987	 0.934	 N/A	 N/A	 N/A	 N/A	 N/A	 N/A	 0.817	 0.806	
ECHO	 0.831	 0.784	 0.949	 0.900	 0.856	 0.803	 N/A	 N/A	 N/A	 N/A	 0.831	 0.822	
Fiona	 0.998	 0.973	 0.998	 0.980	 0.984	 0.902	 0.677	 0.237	 N/A	 N/A	 0.970	 0.967	
HiTEC	 0.997	 0.982	 0.997	 0.993	 N/A	 N/A	 N/A	 N/A	 N/A	 N/A	 0.965	 0.959	
Lighter	 0.995	 0.992	 0.996	 0.995	 0.974	 0.966	 0.656	 0.586	 0.939	 0.913	 0.973	 0.971	
Musket	 0.996	 0.995	 0.996	 0.995	 0.973	 0.964	 0.773	 0.698	 0.909	 0.886	 0.958	 0.955	
Quake	 0.988	 0.988	 0.990	 0.990	 0.973	 0.970	 0.856	 0.830	 0.920	 0.913	 0.738	 0.736	
QuorUM	 0.999	 0.997	 0.999	 0.998	 0.981	 0.969	 0.779	 0.709	 0.951	 0.925	 0.982	 0.977	
RACER	 0.996	 0.913	 0.997	 0.968	 0.961	 0.708	 0.587	 -0.097	 0.902	 0.114	 0.967	 0.946	
Reptile	 0.958	 0.933	 0.968	 0.960	 0.926	 0.824	 0.672	 0.562	 0.878	 0.760	 0.852	 0.831	
SGA	 0.996	 0.996	 0.996	 0.996	 0.975	 0.968	 0.738	 0.673	 0.959	 0.939	 0.947	 0.944	
SOAPec	 0.671	 0.670	 0.664	 0.664	 0.650	 0.648	 0.478	 0.446	 0.624	 0.614	 0.539	 0.538	
















Software	 I5-10X	 I5-20X	 I5-30X	 I5-40X	Sensitivity	 Gain	 Sensitivity	 Gain	 Sensitivity	 Gain	 Sensitivity	 Gain	
ALLPATHS-LG	 0.911	 0.811	 0.964	 0.886	 0.968	 0.897	 0.969	 0.904	
BFC	 0.810	 0.749	 0.919	 0.891	 0.929	 0.912	 0.934	 0.920	
BLESS	 0.931	 0.898	 0.961	 0.946	 0.975	 0.960	 0.975	 0.964	
Blue	 0.848	 0.690	 0.894	 0.809	 0.896	 0.818	 0.896	 0.819	
Fiona	 0.942	 0.837	 N/A	 N/A	 N/A	 N/A	 N/A	 N/A	
Lighter	 N/A	 N/A	 0.918	 0.867	 0.938	 0.907	 0.939	 0.913	
Musket	 0.889	 0.860	 0.905	 0.882	 0.907	 0.885	 0.909	 0.886	
Quake	 0.908	 0.896	 0.917	 0.910	 0.920	 0.912	 0.920	 0.913	
QuorUM	 0.894	 0.810	 0.952	 0.907	 0.952	 0.922	 0.951	 0.925	
RACER	 0.819	 -2.287	 0.898	 -0.164	 0.902	 0.052	 0.902	 0.114	
Reptile	 0.805	 0.612	 0.869	 0.728	 0.876	 0.754	 0.878	 0.760	
SGA	 0.852	 0.803	 0.941	 0.917	 0.955	 0.936	 0.959	 0.939	




































Software	 I1-40X	 I1-40X	 I3-40X	 I4-40X	 I5-40X	 I6	Aligned	 Correct	 Aligned	 Correct	 Aligned	 Correct	 Aligned	 Correct	 Aligned	 Correct	 Aligned	 Correct	
Original	 52.52	 100.00	 50.86	 100.00	 51.16	 99.99	 51.26	 99.54	 51.12	 99.98	 81.07	 100.00	
ALLPATHS-LG	 99.07	 99.98	 99.07	 99.97	 98.51	 99.93	 88.76	 97.52	 96.88	 99.91	 98.68	 99.99	
BFC	 98.40	 100.00	 98.23	 100.00	 97.41	 99.98	 89.33	 98.14	 96.65	 99.98	 98.39	 100.00	
BLESS	 99.83	 100.00	 99.85	 99.99	 99.23	 99.98	 92.80	 99.08	 98.59	 99.98	 98.65	 100.00	
Blue	 99.64	 99.90	 99.68	 99.92	 96.07	 99.66	 84.35	 92.67	 93.08	 99.73	 98.78	 99.94	
Coral	 92.13	 98.72	 92.52	 98.52	 79.26	 97.84	 51.26	 99.54	 N/A	 N/A	 95.96	 99.57	
ECHO	 87.46	 99.99	 93.33	 99.99	 88.52	 99.94	 N/A	 N/A	 N/A	 N/A	 94.98	 100.00	
Fiona	 98.28	 99.96	 98.65	 99.94	 95.28	 99.76	 70.46	 94.31	 N/A	 N/A	 98.17	 99.99	
HiTEC	 98.78	 99.99	 99.30	 99.99	 N/A	 N/A	 N/A	 N/A	 N/A	 N/A	 97.83	 100.00	
Lighter	 99.30	 100.00	 99.47	 100.00	 98.13	 99.99	 79.71	 99.33	 96.13	 99.98	 98.22	 100.00	
Musket	 99.49	 100.00	 99.50	 100.00	 97.87	 99.98	 84.32	 98.33	 93.86	 99.98	 97.79	 100.00	
Quake	 99.57	 100.00	 99.58	 100.00	 98.41	 99.99	 88.17	 98.76	 94.71	 99.98	 95.82	 100.00	
QuorUM	 99.88	 100.00	 99.90	 100.00	 98.78	 99.98	 86.54	 98.74	 97.29	 99.98	 98.64	 99.99	
RACER	 98.51	 99.96	 99.29	 99.96	 96.40	 99.94	 74.16	 99.24	 92.95	 99.95	 98.36	 99.99	
Reptile	 97.77	 99.99	 98.25	 99.97	 92.00	 99.86	 79.47	 97.22	 89.65	 99.92	 96.69	 99.99	
SGA	 99.57	 100.00	 99.60	 100.00	 98.53	 99.99	 86.72	 98.87	 97.61	 99.98	 97.95	 100.00	
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performances.	Reads	were	aligned	using	the	paired-end	alignment	feature	of	Bowtie	[50]	without	
allowing	any	mismatches	or	indels.	The	genomes	I1-I5	have	two	reference	sequences,	and	corrected	
read	sets	were	aligned	to	the	reference	sequence	from	which	they	originated.	The	alignment	results	are	
well	matched	with	the	results	in	Table	5,	and	the	tools	that	showed	high	sensitivity	also	had	more	reads	
aligned	correctly	to	the	reference	sequences.	
In	almost	all	the	cases,	the	ratio	of	correctly	aligned	reads	to	the	total	number	of	aligned	reads	was	
over	99	percent	with	the	exception	of	I4.	For	I4,	only	the	corrected	reads	from	BLESS,	Lighter,	and	Racer	
showed	the	accuracy	of	over	99	percent.	
4.3.3	Effect	of	Using	Different	Alignment	Tools	on	the	Evaluation	of	Real	Reads	
For	real	reads,	the	errors	corrected	by	an	error	correction	tool	were	compared	against	mismatches	
and	indels	obtained	in	aligning	the	reads	to	a	reference	sequence.	Therefore,	the	numbers	and	the	
locations	of	errors	could	vary	according	to	alignment	tools.	Two	FL	files	from	I6	were	generated	using	
BWA	[44]	and	Bowtie	2	[51]	with	default	options,	and	the	two	files	were	compared.	While	BWA	found	
473,090	substitution	errors	in	D6,	Bowtie	2	found	632,705.	About	97	percent	of	substitutions	in	the	
BWA	set	were	also	found	in	the	Bowtie	2	set,	which	means	that	Bowtie	2	is	more	aggressive	than	BWA	
and	that	it	enables	tools	to	flag	more	errors	in	reads.	
When	the	error	correction	results	were	evaluated	using	the	FL	file	from	Bowtie	2,	sensitivity	and	
gain	dropped	by	up	to	8	percent	compared	to	the	results	with	the	FL	file	from	BWA	because	some	of	the	
new	errors	found	by	Bowtie	2	were	not	corrected	in	the	error	correction	tools.	
4.4	Evaluation	Results	of	TGS	Error	Correction	Tools	
	
Due	to	the	high	error	rate	of	TGS	reads,	error	correction	outputs	could	have	many	uncorrected	
bases.	Therefore,	most	TGS	error	correction	tools	generate	two	types	of	reads:	(1)	trimmed	reads	that	
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only	contain	corrected	regions	in	input	reads	and	(2)	untrimmed	reads	that	include	both	corrected	and	
uncorrected	regions	in	input	reads.		
For	PacBio	reads,	PBcR	only	produces	trimmed	reads,	LSC	and	Proovread	generate	both	trimmed	
reads	and	untrimmed	reads,	and	they	were	assessed	separately.	For	LoRDEC,	trimmed	reads	were	
generated	from	the	untrimmed	reads	using	lordec-trim-split	that	is	included	in	the	LoRDEC	package.	For	
MinION	reads,	both	NanoCorr	and	NaS	produce	untrimmed	reads.	
4.4.1	Accuracy	of	PacBio	Error	Correction	Tools	
	
Figure	6	Percentage	Similarity,	Read	Coverage	and	NG50	of	PacBio	Read	Error	Correction	Methods					
for	P1	
In	Figure	6A,	percentage	similarity	of	the	outputs	from	PacBio	read	error	correction	methods	for	P1	
are	compared.	Percent	similarity	of	the	input	reads	was	76.6	percent	before	error	correction,	and	all	the	
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output	results	were	better	than	this	number.	Among	the	four	tools,	three	tools	except	LSC	showed	
percent	similarity	over	95	percent	for	the	trimmed	reads.	For	the	untrimmed	reads,	LoRDEC	and	
Proovread	generated	more	accurate	reads	than	LSC.	Except	for	the	case	of	untrimmed	LoRDEC	reads,	
read	coverage	of	Illumina	reads	had	almost	no	impact	on	percentage	similarity.	
Figure	6B	and	Figure	6C	show	read	coverage	and	NG50	of	the	outputs	of	the	compared	tools.	The	
two	charts	had	similar	shapes.	Both	values	were	high	where	percentage	similarity	in	Figure	6A	was	low.	
The	trimmed	LoRDEC	reads	and	the	PBcR	outputs	were	improved	a	lot	by	increasing	Illumina	read	
coverage.	The	trimmed	reads	from	Proovread	were	also	improved	but	the	values	were	saturated	at	30	X	
coverage.  
Figure	7	Percentage	Similarity,	Read	Coverage	and	NG50	of	PacBio	Read	Correction	Methods	for	P2	
Percentage	similarity,	read	coverage,	and	NG50	are	compared	for	P2-40X	and	P2-40X-EF	which	is	
the	error-free	version	of	P2-40X	in	Figure	7.	Percentage	similarity,	read	coverage	and	NG50	of	the	input	
PacBio	reads	before	error	correction	were	79.4	percent,	20X	and	12,095	bp,	respectively.	Both,	trimmed	
Proovread	reads	and	trimmed	LoRDEC	reads	showed	high	percentage	similarity.	Percentage	similarity	
and	read	coverage	of	the	untrimmed	Proovread	reads	were	almost	the	same	compared	to	those	of	the	
trimmed	Proovread	reads.	However,	NG50	of	trimmed	Proovread	reads	was	shorter	than	that	of	
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untrimmed	Proovread	reads.	LoRDEC	generated	the	trimmed	reads	with	high	percent	similarity	but	it	
removed	too	many	bases	and	read	coverage	and	NG50	of	the	read	set	became	much	lower	than	those	
of	the	original	input	reads.	
For	all	these	cases,	P2-40-EF	did	not	make	a	meaningful	difference	when	it	was	compared	with	P2-
40.	This	means	sequencing	errors	in	Illumina	reads	are	not	important	when	Illumina	read	coverage	is	
about	40	X.	
	
	
Figure	8	Sensitivity	and	Gain	of	PacBio	Read	Error	Correction	Methods	for	P1 
Figure	8	shows	the	sensitivity	and	gain	results	for	the	different	PacBio	error	correction	tools.	
Compared	to	Illumina	sequences	of	the	same	genome	(I1	and	P1	reads	of	E.	Coli),	PacBio	error	
correction	tools	have	lower	sensitivity	and	gain	because	the	error	rates	of	PacBio	reads	are	higher	than	
that	of	Illumina	reads.	Untrimmed	reads	have	still	lower	values	of	sensitivity	and	gain	as	they	also	return	
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the	uncorrected	portions	of	the	reads.	Though	all	the	tools	are	comparable	in	terms	of	sensitivity	and	
gain,	PBcR	and	Proovread	perform	the	best.			
4.4.2	Accuracy	of	ONT	Error	Correction	Tools		
	
	
	
	
	
	
	
	
	
	
	
Figure	9A	shows	percentage	read	similarity	values	for	ONT	datasets.	For	O1,	the	original	read	
similarity	was	57.3	percent,	which	is	lower	compared	to	the	corresponding	PacBio	reads	(for	example,	
P1	and	O1	from	the	E.Coli	genome)	because	of	the	higher	error	rate	of	ONT	reads.	Both	the	error	
correction	tools	significantly	improved	the	percentage	similarity	of	reads.	And,	the	values	were	
comparable	for	different	coverage	values.	Figure	9B	shows	the	NG50	values	for	O1	and	O2	datasets.	NaS	
reads	have	a	slightly	lower	(better)	NG50	length	compared	to	NanoCorr	for	the	O2	dataset.	Similar	to	
B	
Figure	9	Percentage	Similarity	and	NG50	of	MinION	Read	Error	Correction	Methods	for	O1	
and	O2	
A	
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PacBio,	the	use	of	error-free	Illumina	reads	did	not	show	a	great	improvement	in	error	correction	
compared	to	the	use	of	erroneous	Illumina	reads.		
	
Figure	10	Sensitivity	and	Gain	of	MinION	Error	Correction	Methods	for	O1	and	O2	
Figure	10	summarizes	the	sensitivity	and	gain	results	for	the	two	ONT	datasets.	Sensitivity	and	gain	
patterns	are	similar	to	that	of	the	PacBio	reads.	NaS	performs	slightly	better	out	of	the	two	in	terms	of	
accuracy	metrics.	Higher	the	coverage	of	the	complementary	Illumina	reads,	higher	is	the	gain	and	
sensitivity	of	the	tool,	which	is	intuitive	because,	higher	the	number	of	supporting	Illumina	reads	
available	to	correct	errors,	the	better	the	tool	performs.			
	
	
A	
B	
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5.	Conclusion	
Among	the	Illumina	read	error	correction	methods	that	were	evaluated,	ALLPATHS-LG,	BFC,	BLESS,	
Lighter,	Quake,	QuorUM,	and	SGA	generated	accurate	results	for	over	30	X	read	coverage.	BLESS	and	
Quake	outperformed	the	others	for	reads	with	10-20	X	read	coverage,	and	it	is	expected	that	ALLPATHS-
LG	would	work	best	for	the	reads	with	under	10	X	read	coverage.	For	highly	repetitive	genomes,	it	is	
recommended	to	use	BLESS	and	Quake	for	getting	the	most	accurate	results.	
Among	the	evaluated	PacBio	error	correction	tools,	there	was	no	apparent	winner	that	could	
generate	both	accurate	and	long	reads.	Proovread	could	be	recommended	in	cases	where	the	accuracy	
of	corrected	reads	is	more	important	than	their	length.	If	long	read	length	is	more	important	or	a	large	
read	set	should	be	corrected	in	a	short	time,	LoRDEC	might	be	a	good	choice.		
Though	some	tools	have	recommendations	for	choosing	input	parameters,	the	parameters	were	
tried	to	be	tuned	independently	based	on	the	results	for	fair	comparison.	However,	in	a	real	situation	
where	the	locations	of	errors	are	not	known	in	advance,	it	would	not	be	possible	to	find	the	best	
parameters	this	way.	Therefore,	it	is	recommended	to	developers	of	error	correction	tools	that	as	many	
parameters	as	possible	should	be	automatically	determined	or	clear	guidelines	for	determining	them	
should	be	given	to	users.	
Several	TGS	platforms	(like	MinION	from	ONT)	are	just	being	explored	and	studied	in	detail.	As	of	
yet,	only	a	few	datasets	are	publicly	available	for	comprehensive	testing	and	evaluation.	Read	simulation	
and	error	correction	methodologies	for	reads	from	such	nascent	sequencing	platforms	are	still	being	
explored.	It	is	believed	that	SPECTACLE	will	still	be	compatible	to	such	new	methodologies	and	provide	
comprehensive	evaluation	and	characterization	for	new	error	correction	tools	to	come,	as	illustrated	by	
the	MinION	sequence	error	correction	evaluation	results	presented	in	this	work.		
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Even	though	the	work	presents	a	comprehensive	analysis	of	the	accuracy	of	most	of	the	state-of-
the-art	error	correction	methods	for	the	NGS	and	TGS	technologies,	the	study	can	be	further	extended	
to	evaluate	TGS	reads	from	larger	genomes	using	more	powerful	computational	resources.	It	is	expected	
that	repeats	in	a	genome	would	affect	the	quality	of	error	correction	in	TGS	reads.	However,	repeats	
cause	a	significant	problem	only	when	genome	length	is	sufficiently	long.		
It	is	also	desirable	to	study	how	sequencing	errors	degrade	the	quality	of	downstream	analyses.	A	
detailed	understanding	of	the	mechanism	will	yield	useful	insights	into	how	to	correct	errors	that	are	
detrimental	to	a	specific	application	and	how	to	make	applications	less	sensitive	to	sequencing	errors,	
and	SPECTACLE	can	help	in	categorizing	such	errors.	
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